Oxidation ditches are popularly used in rural areas and decentralized treatment facilities where energy deficiency is of concern. Aeration control technologies are well established for diffusion systems in order to improve energy efficiency, but there are still challenges in their application in oxidation ditches because surface aerators have unique characteristics with respect to oxygen transfer and energy consumption. In this paper, an integral energy model was proposed to include the energy, aeration, and fluidic effects of surface aerators, by which the energy for aeration of each aerator can be estimated using online data. Two types of rotating disks with different diameters (1800 mm and 1400 mm) were monitored in situ to estimate the model parameters. Furthermore, a feedforward-feedback loop control strategy was proposed using the concept of energy analysis and optimization. The simplified control system was implemented in a full-scale Orbal oxidation ditch, achieving an approximately 10% saving in full-process energy consumption. The cost-benefit analysis and carbon emission assessment confirmed the economic feasibility and environmental contribution of the control system. The energy model can help process designers and operators to better understand and optimally control the aeration process in oxidation ditches.
Introduction
The energy performance in wastewater treatment plants (WWTPs) is generally sub-optimal in most countries [1] , although the optimal water-energy nexus has been intensively studied in sustainable development [2] . The energy intensity of wastewater facilities increases along with the aging infrastructures in conventional technologies, resulting in concerns with respect to energy deficiency and intensive carbon emissions [3] . For example, as one of the oldest wastewater treatment processes, the oxidation ditch is still used in about 30% of running wastewater facilities in China, especially in rural areas and decentralized stations [4] . The typical energy consumption of an oxidation ditch is close to 0.40 kWh·m −3 , which is around 33% higher than for activated sludge processes [4, 5] . High energy intensity and poor maintenance prevent such processes from application in energy neutral initiatives, e.g., next-generation urban water systems in China [6] . Thus, energy-saving techniques and processes are necessary to upgrade WWTPs for a sustainable society.
Materials and Methods

Description of the Orbal Oxidation Ditch
The Orbal oxidation ditch shown in Figure 1 was selected for the field study. The oxidation ditch has the capacity of 50,000 cubic meter per day (m 3 ·d −1 ) and is located in Wuxi City in southern China. There are three concentric circling lanes in the oxidation ditch, including outer lane (OL), middle lane (ML), and inner lane (IL), as shown in Figure 1a . The wastewater flows into OL to mix with return sludge, and passes through the ML, IL, and clarifier in consequence (Figure 1b ).
There are eight rotating disks in OL, with a diameter of 1800 mm (Φ1800). The ML and IL share other eight rotating disks with a smaller diameter of 1400 mm (Φ1400) in Figure 1a . The OL contains oxic and anoxic zones, while ML and IL are almost oxic due to the rapid mixing. Methanol is dosed in the outer lane before cross section #1 to assist in the microbial denitrification. Poly alumina ferrous salt is added at the effluent weir before the clarifier to enhance the chemical removal of phosphorous. 
Energy Consumption Model of a Single Surface Aerator
The effective energy consumption (Ee) of surface aerators consists of aeration energy (Ea) and motion energy (Em). The aeration energy is consumed to disperse the air bubbles into the liquid, in order to drive oxygen molecules from the gas phase to the liquid [22] . The dissipation energy of air in the water thus can be assumed proportional to the total mass of oxygen transferred into the water. The motion energy is consumed to drive the water in continuous fluid, which stands alone from the gas dispersion. The motion energy can be assumed equal to the pressure loss of the fluid, which is proportional to the square of fluid velocity (v 2 ). Thus, we have the energy model as follows:
where R is the oxygen transfer rate (OTR) in g·s −1 , t is the time in s, ae is the constant energy for transferring 1 g of oxygen in J·g −1 , v is the fluid velocity in m·s −1 ; and ξ is the gross coefficient of pressure loss in dimensionless unit. For a single aerator, such as a rotating disk, the operation variables include rotating frequency (ω) and wet depth of the rotators (h). The wet depth represents the height of the rotator beneath the water level. Usually, ω and h are continuously varied in operation [23] . In an actual reactor, the ascending ω or h of rotators will increase the fluidic velocity to a maximum until the equipment capacity reaches its limits, as qualitatively shown by the convex curve in Figure 2a . The trend can be explained by different models. For convenience, we used Monod equation to describe the saturation relationship as follows:
where vs is the fluidic velocity driven by the single aerator in m·s −1 ; ω is rotating frequency in s −1 ; h is wet depth in m; vm is the maximum fluidic velocity equal to the averaged linear velocity of the rotating aerator in m·s −1 ; Kh and Kω are constants. 
The effective energy consumption (E e ) of surface aerators consists of aeration energy (E a ) and motion energy (E m ). The aeration energy is consumed to disperse the air bubbles into the liquid, in order to drive oxygen molecules from the gas phase to the liquid [22] . The dissipation energy of air in the water thus can be assumed proportional to the total mass of oxygen transferred into the water. The motion energy is consumed to drive the water in continuous fluid, which stands alone from the gas dispersion. The motion energy can be assumed equal to the pressure loss of the fluid, which is proportional to the square of fluid velocity (v 2 ). Thus, we have the energy model as follows:
where R is the oxygen transfer rate (OTR) in g·s −1 , t is the time in s, a e is the constant energy for transferring 1 g of oxygen in J·g −1 , v is the fluid velocity in m·s −1 ; and ξ is the gross coefficient of pressure loss in dimensionless unit. For a single aerator, such as a rotating disk, the operation variables include rotating frequency (ω) and wet depth of the rotators (h). The wet depth represents the height of the rotator beneath the water level. Usually, ω and h are continuously varied in operation [23] . In an actual reactor, the ascending ω or h of rotators will increase the fluidic velocity to a maximum until the equipment capacity reaches its limits, as qualitatively shown by the convex curve in Figure 2a . The trend can be explained by different models. For convenience, we used Monod equation to describe the saturation relationship as follows:
where v s is the fluidic velocity driven by the single aerator in m·s −1 ; ω is rotating frequency in s −1 ; h is wet depth in m; v m is the maximum fluidic velocity equal to the averaged linear velocity of the rotating aerator in m·s −1 ; K h and K ω are constants.
OTR of N aerators is just N times the Rs of a single aerator (Figure 2b ). We can describe the performance of a group of aerators as follows:
where N is the running number of multiple aerators; and v(N) and R(N) are the fluidic velocity and OTR by N pieces of aerators, respectively. The OTR of a surface aerator depends on the wet area and its refreshing frequency. It is well known that the gas holdup greatly affects the surface aeration performance [24] . The wet area determines the quantity of air bubbles to be dragged into the water in each roll, which can be expressed by h 2 . The refreshing frequency of the wet area can be described as ω. Thus, we can correlate the OTR of single rotator (R s ) with operational variables as follows:
where R s is the OTR of a single aerator in g·s −1 , a is the coefficient in g·m −2 , and b is the interception to represent the minimum of ω and h required for aeration, in g·s −1 . When the linear speed of aerator is lower than the fluid velocity or the wet depth is too small, the OTR will drop to zero because the capacity of the rotators for carrying air bubbles into the water is destroyed under the extreme conditions.
Energy Consumption Model of Multiple Surface Aerators
In multiple-running mode of surface aerators, all aerators share the total aeration energy and motion energy. If the N pieces of surface aerators in same type are under operation, their aeration and motion energy are N times the value for a single aerator. Because the motion energy is determined by v 2 , the fluidic velocity of N aerators is √ N times of the fluidic velocity by a single aerator, as shown in Figure 2a . Considering that the aeration energy is proportional to the OTR, the OTR of N aerators is just N times the R s of a single aerator (Figure 2b ). We can describe the performance of a group of aerators as follows:
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where N is the running number of multiple aerators; and v(N) and R(N) are the fluidic velocity and OTR by N pieces of aerators, respectively.
Online Estimation of In Situ OTR
In order to estimate the actual OTR in the activated sludge process, we used a simple mass balance model modified from the literature [25] . Using the spatial DO distribution ( Figure S1 ) and the monitored in situ oxygen uptake rate (OUR), we calculated the actual OTR (R s ) as follows:
where OUR is the oxygen uptake rate of activated sludge in g·m −3 ·s −1 ; DO 1 and DO 2 are the DO concentrations at two cross-sections in g·m −3 ; A V is the area of cross-section in m 2 ; and L 12 is the distance between the two cross-sections in m. As shown in Figure 1a , cross-section 1# was about 5 m away before the rotating disk to avoid the interference of the back fluid. Cross-section 2# was selected after the rotating disk ensuring that the DO 2 did not drop to zero.
Process Monitoring of OUR, DO, Velocity, and Shaft Power
The OUR of activated sludge was measured by the standard method using a DO probe and magnetic stirrer [26] . Briefly, after intensive aeration to increase DO over 4 mg·L −1 , the activated sludge was moved into a glass bottle and mixed by a magnetic stirrer. The DO concentrations along the time were recorded by a portable DO probe and the descendant slope of the DO by time was used to determine the OUR. The robustness of OUR monitoring to estimate K L a has been proved in lab reactors in previous studies [27] . Although the OUR can be calculated by the DO profile in the model case [28] or in a pilot plant [29] , in practice the DO slope is sensitive to the uneven spatial distribution velocity in the reactor. Therefore, using standard tests to determine in situ OUR was recommended for OTR estimation instead of using DO profiles along the reactor.
In order to compensate the layered fluid in Orbal circulating reactor [30] , six sampling points were set at each cross-section (Figure 1a ) to average the values of DO detected by a portable DO meter, as well as the fluidic velocity monitored by a droplet flow meter (LSH10-1, Boyida Company, Xiamen, China). The horizontal values were firstly averaged algorithmically, and the vertical positions were then averaged geometrically to be the representative observation for the cross section.
The electric voltage and current of each aerator was recorded to calculate the shaft power p by p = U·I·cosϕ, where U is equivalent electric voltage in unit V; I is the recorded current in unit A; and cosϕ is the phase coefficient of electricity, which is usually higher than 93%. The electric voltage is usually constant and thus the power is proportional to the electric current.
Experiments for Model Marameter Estimation
The online observations of X and P, including OTR, velocity, and shaft power, are necessary to determine the coefficients. A matrix equation is used to describe the system state as A·X = P, where A is the coefficient matrix by combining vector (a e,i , ξ i ) for the ith experiment; X is the state variable vector (OTR; v 2 ); and p is the vector of shaft power of surface aerators as (p 1 ; p 2 ; . . . ; p i ), with power:
A series of aeration experiments are necessary to estimate the parameters in Equations (1)- (4). For example, the effluent weir openness is changed to acquire different wet depths [31] , and the bulk DO, OTR, velocity, and electricity are monitored to determine the parameters. The wet depth was calculated by the axis position of the aerator and the water level from an ultrasonic water level meter (FMU30, Endress+Hauser Company, Lörrach, Germany).
Optimizing Algorithm for Process Control
The control algorithm for the oxidation ditch is to minimize the bias between the aeration energy and to ensure the aeration is enough to make effluent water quality fall below the discharge criteria. The objective function Z is as follows:
where E a,d and E a,t are demanded and actual aeration energy at time t respectively in unit J s −1 ; Q is flow rate in unit m 3 s −1 ; C in is the concentration of influent pollutant (usually ammonia) in unit g m −3 ; C out is the effluent concentration that should be lower than discharge criteria (C std ) in unit g m −3 ; f is the function of feedforward compensation by influent flowrate and ammonia, PI is the function of feedback control loop based on the effluent ammonia or carbon, and g is the function derived from the energy consumption model of N pieces of surface aerators. In practice, the wet depth of surface aerator varies in a very limited range (h = 0.6-0.8 radium), and thus the energy consumption model can be simplified in linear form. With this convenience, the indirect expression in Equation (6) could be replaced by the linear increment of the influent loading rates and the operational parameters as follows.
where K a and K b are the correlation coefficient in J·g −1 ; ∆Q is the variation of influent flow rate in m 3 ·s −1 ; C in is the concentration of influent pollutant in g·m −3 ; K c and K d are the coefficients to correlate the manipulation variables of ω and h to the aeration energy of a single aerator; E a,s is the aeration energy of a single aerator in J·m −3 ; E a,d , E a,t, and the other variables are same as in Equation (6).
Feedforward Control Strategies and Implementation
The feedforward-feedback control system is proposed in Figure 3 . The influent feedforward compensation function f, feedback control function PI, and energy model function g are same as in Equation (6) . The manipulation variables, including h, ω, and N, are optimized by the linearized model, and are controlled by the effluent weir motor, varied frequency driver, and power switches, respectively.
The control system was simplified and implemented in the full-scale Orbal oxidation ditch. Because the frequency of the rotating disks was not tunable and fixed at two levels of 60 and 45 rpm, the frequency ω was viewed as a constant in the model. Therefore, the energy consumption model was simplified to depend linearly on wet depth h and number N only. The dual manipulation variables follow a simple preset logic: firstly, the effluent weir was changed, and if the weir openness was operated at its high or low limit, the number N of aerators was adjusted to rapidly restore the aeration energy in the proper range.
In the real-time control system, the output of feedback PI in Equation (7) was ignored due to the much lower effluent ammonia (C out < 1 mg L −1 ) than the discharge criteria (C std = 5 mg L −1 ). Thus, only feedforward compensation remains to determine the demanded aeration energy to deal with the fluctuated influent loading as C in ·Q, which might be affected by peak loading, storm event, and unit malfunction, etc. Under extreme conditions, manual setting the wet depth h and number N was available when instant operation was required. For example, the control system may result in the upper limit of effluent weir for high peak loading and lower limit for the storm water influent.
The feedforward-feedback control system is proposed in Figure 3 . The influent feedforward compensation function f, feedback control function PI, and energy model function g are same as in Equation (6) . The manipulation variables, including h, ω, and N, are optimized by the linearized model, and are controlled by the effluent weir motor, varied frequency driver, and power switches, respectively. Q is influent flow rate and Cin is influent ammonia concentration.
The control system was simplified and implemented in the full-scale Orbal oxidation ditch. Because the frequency of the rotating disks was not tunable and fixed at two levels of 60 and 45 rpm, the frequency ω was viewed as a constant in the model. Therefore, the energy consumption model was simplified to depend linearly on wet depth h and number N only. The dual manipulation variables follow a simple preset logic: firstly, the effluent weir was changed, and if the weir openness Figure 3 . The feedforward control strategy basing on aeration energy to manipulate surface aerators in the Orbal oxidation ditch (OD). The parameters are same as those in Equation (6) . C out is actual ammonia concentration in effluent and C std is the set point of ammonia as the discharged criteria. PI is proportional and integral algorithm. f and g are model functions. N, ω, h and p are model variables. Q is influent flow rate and C in is influent ammonia concentration.
In late 2015, such a simplified control system was implemented in a full-scale oxidation ditch. The bulk ammonia concentrations along the reactor were monitored by lab analysis using a standard method ( Figure S2 ). Electricity consumption of the full process was audited to evaluate the energy savings by the control system. Simple economic analysis was achieved by calculating the return period on investment for the scenario of process retrofitting on the control system. The prices of hardware, software, and system implementation were determined by suggestions from experienced engineers, as shown in Table S2 . The commercial electricity rates usually depend on the time and locations. For convenience, we used 0.8 RMB Yuan·kWh −1 (1 US $ ≈ 6.5 RMB Yuan) as the typical average value [32] . The environmental impact of the process retrofitting was represented by the reduction of CO 2 emissions due to the energy saving. The CO 2 emission factors by power generation also vary in a large range from 0 to 1.3 kgCO 2 ·kWh −1 [33] . The midpoint of the range, 0.65 kgCO 2 ·kWh −1 , was used for estimation in this study. The working duration was assumed as 350 days per year. Figure 4 shows the monitored and modeled fluid velocity for the Φ1400 mm and Φ1800 mm aerators. The fluidic velocity by a single aerator was estimated by the performance model (solid line in Figure 4a,b) . The maximum velocity of the Φ1400 mm aerator was 0.28 m·s −1 , equal to 25% of the linear speed of rotating disks (1.1 m·s −1 ). That in the Φ1800 mm aerator was 0.63 m·s −1 , about 45% of the linear speed of rotating disks (1.4 m·s −1 ). The geometrically averaged fluid velocity (diamond dots) showed good fitting with model predictions for the OL, ML, and IL. However, the fluid velocity appeared in strong variance (solid circle dots in Figure 4b) , with relative standard deviation as about 20% in the OL. The large distribution of velocity was also found by computational fluidic dynamics (CFD) simulation in the literature [30] .
Results
Fluid Velocity Analysis
The multiple running model is helpful for process design. If the minimum fluid velocity is set to be 0.40 m·s −1 in ML, at least three aerators should be operated and the velocity is predicted to be 0.42 m·s −1 . Two aerators were necessary in OL to achieve the similar fluid velocity. Figure 5 shows the correlation between OTR and wet depth for each type of aerators. At the same wet depth at 0.7, OTR values were about 60, 20, and 10 g·s −1 in the OL, ML, and IL, respectively. The different OTRs might be caused by three factors. The first is disk size. The wet area of the Φ1800 mm disk in OL is (0.9/0.7) 2 ≈ 2 times the area of Φ1400 mm disk in the ML and IL, which contributed to the higher OTR. The second factor is the disk number in a single aerator. Aerators in ML are in the same size as that in the IL but the OTR in the ML is higher. The disk number was 40 pieces for a single aerator in ML but only 32 pieces in IL. The aeration capacity of the aerator is the sum of every single disk when ignoring the interaction between the disks. The third factor is bulk DO concentration. Higher bulk DO will decrease the OTR by reducing the driving forces across the gas-liquid dual film. The averaged bulk DO concentrations were 0.5, 1.0, and 2.0 mg·L −1 in the OL, ML, and IL, respectively. The higher bulk DO in ML and IL contributed to the lower OTR values. The multiple running model is helpful for process design. If the minimum fluid velocity is set to be 0.40 m·s −1 in ML, at least three aerators should be operated and the velocity is predicted to be 0.42 m·s −1 . Two aerators were necessary in OL to achieve the similar fluid velocity. Figure 5 shows the correlation between OTR and wet depth for each type of aerators. At the same wet depth at 0.7, OTR values were about 60, 20, and 10 g·s −1 in the OL, ML, and IL, respectively. The different OTRs might be caused by three factors. The first is disk size. The wet area of the Φ1800 mm disk in OL is (0.9/0.7) 2 ≈ 2 times the area of Φ1400 mm disk in the ML and IL, which contributed to the higher OTR. The second factor is the disk number in a single aerator. Aerators in ML are in the same size as that in the IL but the OTR in the ML is higher. The disk number was 40 pieces for a single aerator in ML but only 32 pieces in IL. The aeration capacity of the aerator is the sum of every single disk when ignoring the interaction between the disks. The third factor is bulk DO concentration. Higher bulk DO will decrease the OTR by reducing the driving forces across the gas-liquid dual film. The averaged bulk DO concentrations were 0.5, 1.0, and 2.0 mg·L −1 in the OL, ML, and IL, respectively. The higher bulk DO in ML and IL contributed to the lower OTR values. The zero point of OTR curves in horizontal coordinate axis indicates the scenario that only impelling effects existed by the aerators. OTR curves of aerators in ML and IL shared a common zero point because the size of their aerators was same at 1400 mm. The wet depth was approximately 0.19 for the zero OTR of aerators in OL, less than that in ML and IL (0.40-0.41), indicating higher aeration capacity in the larger sized aerators.
Oxygen Transfer Rate Analysis
Energy Consumption Analysis
Figure 6a-c shows the dependence of aeration and motion energy on the wet depth of a single aerator in the OL, ML, and IL, respectively. Equation (5) was used to decompose the gross variables in the observation. The ratio of aeration energy over total energy was once assumed as a constant for certain surface aerators, which was actually determined by both aerator features (e.g., diameter) and the process operation (e.g., h). At the wet depth at 0.7, the aeration energy in OL was 41% of the total energy consumption, while those in the ML and IL were only 14% and 7.6%, respectively. The gas dissipation power by a Rushton turbine in a lab tank was estimated to be 35-44% by CFD calculation [22] , which could be a reference to the analysis.
Water 2018, 10, x FOR PEER REVIEW 9 of 15 dissipation power by a Rushton turbine in a lab tank was estimated to be 35-44% by CFD calculation [22] , which could be a reference to the analysis. The estimated parameters in the energy model are shown in Table S1 . The aeration coefficients (ae) of aerators were 0.83, 0.35, and 0.27 in the OL, ML, and IL respectively, implying obvious geometric effects from the diameter of the aerators. The motion coefficients (ξ) were estimated to be 330, 320, and 240, and were affected by the geometric features of the tanks, e.g., length and width of the reactor. The widths of the cross sections in the OL and ML are 12.2 m and the width in the IL is 8.2 m. 
Control System and Performance
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The performance of the full-scale control system is shown in Figure 7 . With the control system running, the group of running aerators was fixed and the water level varied timely to keep the total electric current at 160 A for the aerators in the OL (Figure 7a,b) . The effluent ammonia was lower than 0.5 mg·L −1 . In the case without control, the effluent weir was fixed and the group of aerators was modified manually (Figure 7c,d) . The total electric current varied in a range from 400 to 600 A, with an average at about 500 A. The data reflected the experience and decisions from the different operators.
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The total investment of the control system and its operational cost are estimated in Tables S2  and S3 , respectively, including the system component, construction, instruments, and maintenance. The total investment was 560,000 RMB Yuan and the cost-saving balance was 350,000 RMB Yuan per year for the process with capacity of 50,000 m 3 ·d −1 . Thus, the return period of investment was calculated to be 1.6 years. The CO 2 emissions taking into account the energy savings were reduced by 455 tons CO 2 yearly for this case. Considering both the economic efficiency and the environmental contribution, such a control system is worthy of implementation for better operation and sustainability.
Discussion
Application of the Energy Consumption Model
Theoretically, dissolving oxygen from gas into water is a spontaneous process due to the higher entropy of oxygen in the water. In the same environmental conditions, the OTR per surface area is constant and the absolute OTR is governed by the total surface area [25, 34] . When more aeration intensity is demanded, more surface area is created by the aerators to meet the requirement of total OTR. These facts support the assumption that the aeration energy is directly correlated with OTR. According to the energy conservation law, the aeration energy is transferred to the surface tension potential of the air bubbles in water to sustain the dispersion state. Thus, the aeration energy can and should be separated from the total energy consumption.
Decoupling the aeration from the fluidic motion is still a challenge for the optimal aeration [35] . The balance between aeration demand and fluidic velocity often fails in practice, resulting in excessive demand of aeration or motion in oxidation ditches. As shown in Figure 4 , only three aerators in the ML were necessary to maintain satisfactory mixing with the fluidic velocity higher than 0.4 m·s −1 . However, more aerators were demanded for aeration because only 14% of the total energy input was used for aeration in the ML (Figure 6 ). A detailed understanding of the dynamic features of rotating disks is helpful for engineers to design aeration systems with balanced aeration and motion.
The model and analysis of rotating disks is provided as an example of surface aerators in this study. However, such a concept is also feasible to estimate other surface aerators, such as inverted umbrellas and rotating brushes. Taking the inverted umbrella as example, the wet area is the function of h 3 and thus the dependence of aeration energy on wet depth can be derived by the same method, but the formulas will be different from those of the horizontal rotating disks which wet area is the function of h 2 . The model of rotating brushes is same as that of rotating disks due to their similar geometric properties. Moreover, the principle is also capable of describing the diffusion system, such as microbubble diffusers and membrane aerators. For example, in membrane aeration reactors, the membrane module was used for diffusing oxygen and carrying biofilm simultaneously [36, 37] . The wet area in the reactor is equal to the surface areas of the static membrane modules. Thus, the aeration energy is minimized because no extra energy is necessary to maintain the dispersion of the air bubble into the water.
Benefits of Actual OTR Estimation
The oxygen transfer efficiency (OTE) was estimated by dividing the OTR over the shaft power, which represents the efficiency of the aeration. The OTE for the Φ1800 mm rotating disks varied in the range of 1.6-2.1 kgO 2 ·kWh −1 along the wet depth, with an average of 1.83 kgO 2 ·kWh −1 . The average OTEs for the Φ1400 mm rotating disks in the ML and IL were 1.86 and 1.82 kgO 2 ·kWh −1 , respectively. However, according to the manufacturers, the OTE value of the rotating disks in clean water is 2.86 kgO 2 ·kWh −1 . That means the OTE in actual operation was only about 60% of that in clean water for the rotating disks. This ratio is close to the 66% OTE reduction for diffusion systems in the literature [38] . Due to such a reduction, the aeration design using OTE in clean water may fail to deal with the aeration demands in peak flows.
To deal with the uncertainty of the OTE selection, designers usually select large safety coefficients for surface aeration systems, at 1.5 to 2-fold higher than the average demand. The empirically over-designed aeration capability compensates the lower OTE of surface aerators in the actual process. By using the energy model in this study, it is possible to quantify the selection by reasonable and accurate analysis, which is helpful to control the redundancy and to revisit the design criteria.
Low DO Control via Energy Control Loop
Reducing the aeration intensity provide the benefits in oxidation ditches both of energy saving and better nitrogen removal. Extremely low DO (0.3 mg·L −1 ) was found favorable for nutrient removal [39] and could save 25% energy by advanced control strategies [34] . The nitrification activity was decreased when DO was reduced from 1.5 mg·L −1 , but it did not cease even when DO dropped to 0.2 mg·L −1 [15] . However, controlling the DO in very low level is quite a challenge in practice. Firstly, the DO meter is unstable with extremely low DO (0.3 mg·L −1 ), as it is designed to operate in range of 0-20 mg·L −1 . The system noises may cover the true signals. Second, the classic feedback control loop failed in low DO because the DO set point is too close to the boundary of zero. A very large proportion coefficient is necessary to compensate this limit, resulting in frequent oscillation of the actuators. This challenge in the diffusion aeration system has not yet been solved. However, the energy-based control system in this study provides a feasible choice for low DO control in oxidation ditches, which is not limited by the DO meters and algorithmic constrains.
With the support from the energy model and control strategy, the low DO control can be achieved to ensure the simultaneous nitrification and denitrification. In a full-scale Orbal oxidation ditch, the low DO scenario (0.25 mg·L −1 ) was realized with satisfactory nitrification [40] . Moreover, reducing aeration intensity also results in lower emissions of aerosol or hazardous gas from the reactors. The aerosol near the oxidation ditches was found to contain bacteria and antibiotic-resistant genes [41] , which increased the health risks of surrounding dwellers. On the contrary, lower DO was suspected to cause 4-fold higher nitrous oxide emissions in biological aerated filters due to the selection of microbes by DO level [42] . Therefore, how to select optimal DO and how to practice the aeration control in oxidation ditches are still open questions in research and practice. The fusion of energy model-based control with a classic DO-K L a loop is possible for better performance, and should be considered in further studies.
Conclusions
In this paper, an energy consumption model with single and multiple surface aerators was developed which can be used as an energy-saving control system. According to the empirical model, the aeration energy out of the total energy consumption can be estimated online. Using the OTR, OUR, and fluidic velocity in the reactor, the model parameters were estimated. A feedforward-feedback control strategy was established by the audit and prediction of the aeration energy. After linearization and simplification, the control system was implemented in a full-scale Orbal oxidation ditch. Two types of rotating disks in different sizes (Φ1800 mm and Φ1400 mm) were characterized by the energy model. The actual oxygen transfer efficiency of the surface aerators in process was about 60% of that in clean water. The control system achieved an energy saving of about 10%. The return period on investment in control system retrofitting was estimated to be 1.6 years, and the CO 2 emissions were reduced by 455 tons per year. The energy consumption model of surface aerators is helpful for process designers and operators to save energy and reduce emissions.
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